We characterize novel breast cancer imaging biomarkers for monitoring neoadjuvant chemotherapy (NACT) and predicting outcome. Specifically, we recruited 30 patients for a pilot study in which NACT patients were imaged using dynamic tomographic optical breast imaging (DTOBI) to quantify the hemodynamic changes due to partial mammographic compression. DTOBI scans were obtained pre-treatment (referred to as day 0), as well as 7 and 30 days into therapy on female patients undergoing NACT. We present data for the 13 patients who participated in both day 0 and 7 measurements and had evaluable data, of which 7 also returned for day 30 measurements. We acquired optical images over 2 minutes following 4-8 lbs (18-36 N) of compression. The timecourses of tissue-volume averaged total hemoglobin (HbT), as well as hemoglobin oxygen saturation (SO 2 ) in the tumor vs. surrounding tissues were compared. Outcome prediction metrics based on the differential behavior in tumor vs. normal areas for responders (>50% reduction in maximum diameter) vs. non-responders were analyzed for statistical significance. At baseline, all patients exhibit an initial decrease followed by delayed recovery in HbT, and SO 2 in the tumor area, in contrast to almost immediate recovery in surrounding tissue. At day 7 and 30, this contrast is maintained in non-responders; however, in responders, the contrast in hemodynamic time-courses between tumor and normal tissue starts decreasing at day 7 and substantially disappears at day 30. At day 30 into NACT, responding tumors demonstrate "normalization" of compression induced hemodynamics vs. surrounding normal tissue whereas non-responding tumors did not. This data suggests that DTOBI imaging biomarkers, which are governed by the interplay between tissue biomechanics and oxygen metabolism, may be suitable for guiding NACT by offering early predictions of treatment outcome. Yaffe, and G. J. Czarnota, "Evaluation of neoadjuvant chemotherapy response in women with locally advanced breast cancer using ultrasound elastography," Transl. Oncol. 6(1), 17-24 (2013).
Introduction
Breast cancer remains the most common cancer and the leading cause of cancer-related death in women worldwide [1] . While advances in mammographic screening have resulted in a shift to earlier stages at initial diagnosis and a reduction in breast cancer mortality [2, 3] , stage III locally advanced breast cancers (LABC) still constitute 9% of newly diagnosed cases in the United States. The incidence of LABC can be as high as 14% in vulnerable populations, such as African American and Hispanic patients [4] . Neoadjuvant chemotherapy (NACT) is standard treatment for LABC patients [5] and is increasingly being used even in patients with earlier stage operable tumors because it can improve outcomes by downstaging the disease and increasing breast conserving surgery rates [6] [7] [8] . However, NACT is met with heterogeneous outcomes; although 70-80% of patients unselected for breast cancer subtype demonstrate some degree of response, only 15-25% achieve a pathologic complete response (pCR) [8, 9] , which correlates with improved disease free (DFS) and overall survival (OS) [10] [11] [12] .
These challenges motivate the development of reliable methods for early assessment of tumor response to therapy. Such methods would potentially enable oncologists to switch to alternate therapeutic agents, or simply discontinue ineffective therapy and progress to surgery, limiting unnecessary toxicity. Recently published long-term survival data from the GeparTrio trial (N = 2,072 patients) shows a significant DFS/OS benefit for switching clinical non-responders from docetaxel, doxorubicin, and cyclophosphamide (TAC) to combined vinorelbine and capecitabine (NX) vs. a standard course of TAC (DFS: 0.59 hazard ratio (HR), P = 0.001; OS: 0.79 HR, P = 0.048) [13] . This was achieved despite the use of a heterogeneous combination of clinical examination, x-ray mammography and ultrasound for assessing the early response, methods known to have limited ability in predicting the pathologic response to chemotherapy [14] . Such data suggests accurate response monitoring may enable significant improvements in NACT outcomes, especially for heterogeneous subtypes, such as triple negative breast cancer (TNBC).
Currently, clinical examination, x-ray mammography, ultrasound, and dynamic contrast enhanced MRI (DCE-MRI) are used to monitor tumor size as a marker of response to treatment, and to assess the volume of residual disease after treatment [15] . However, tumor volume changes manifest themselves later than changes in underlying tumor function, such as vascular density [16] , even more so in the case of cytostatic and targeted therapies [17] . While research is being done on the development of circulating biomarkers predictive of therapy response [18] , imaging remains the most likely avenue for therapy response guidance in the near future. However, to form early predictions of therapy success, we need imaging methods that are more closely related to tissue function, especially if the distinction between partial and complete pathological response is sought. In this respect, positron emission tomography using 2-deoxy-2-[18
18 F-FDG PET) has been shown to be able to distinguish eventual pCR after 1 or 2 cycles of chemotherapy [19, 20] based on the amount of reduction in the tumor standardized uptake value (SUV). MRI methods such as pharmacokinetic modeling of DCE-MRI timecourses (sensitive to vascular permeability changes) and proton magnetic resonance spectroscopy ( 1 H-MRS, sensitive to the total concentration of choline compounds (tCho) -assumed to be a marker of proliferation) have also been shown to provide mid-treatment pCR predictions [21, 22] . Diffusion weighted MRI (DW-MRI, sensitive to tumor cellularity and integrity of cell membranes by measuring the water apparent diffusion coefficient (ADC)), has been shown to correlate with the degree of pathological response [23, 24] , but no studies to date have demonstrated effective pCR predictions.
Despite these positive results, a number of obstacles remain in the way of routine clinical usage of MRI/PET therapy guidance. FDG-PET requires a sufficiently high initial tumor SUV to be able to observe a significant decrease due to therapy [25] , and issues of cost, availability, and allowable radiation exposure restrict its use as a serial monitoring technique. On the other hand, MRI challenges include limited specificity for DCE-MRI [26] , and the difficulty of obtaining reliable 1 H-MRS data due to high needs for operator skill and MRI hardware performance [27] , together with substantial costs and time demands on the patients. In addition, there is currently no consensus on optimal timepoints and quantitative response measures for either MRI or PET methods. Thus, there remains a need to develop alternative imaging methods that address the cost and availability issues of functional MRI/PET while offering similar or better performance.
In this context, near-infrared optical spectroscopy and tomography has emerged over the last decade as an alternative functional imaging method for neoadjuvant therapy monitoring that is relatively low-cost, non-invasive, portable, safe for repeated use, and comparatively simple to operate [28] . Near infrared spectroscopy (NIRS) takes advantage of the low optical absorption of biological tissues for light with a wavelength between approximately 650 and 1000 nm [29] . This low absorption allows several centimeters of tissue penetration, permitting characterization of deep structures. Four main chromophores contribute to optical absorption in the near infrared spectral region: oxy-and deoxy-hemoglobin (HbO, HbR), water and lipids. Using multiple light wavelengths, optical imaging and/or quantitative monitoring of these chromophores gives insight into tissue physiology. The main drawback of optical imaging is the rather low spatial resolution (5-10 mm) caused by high tissue scattering in the near-infrared spectral region. However, this is not a significant concern for NACT monitoring, because tumors treated with NACT are rather large (>2 cm) and have a known location, and the focus is on quantification of tissue functional parameters (e.g. Hb concentration) rather than tumor size. Two recent NIRS studies have reported a statistically significant difference between patients that achieved pCR vs. non pCR, with respect to the pre-treatment tumor hemoglobin oxygen saturation SO 2 [30] and with respect to the reduction in HbR and a tissue optical index defined as (HbR x water / lipid) [31] . Several other studies have shown there is an HbO "flare" in responders immediately after the first dose of chemotherapy [32] . Further, high pre-treatment total hemoglobin (HbT = HbO + HbR) correlates with complete or near complete pathological response [33] and reductions in HbT/ HbO/HbR early during therapy predict greater than 50% eventual tumor shrinkage [33] [34] [35] .
Dynamic tomographic optical breast imaging (DTOBI) is a novel technique that provides quantitative images of the variations in tissue chromophore concentration during external stimuli and can be used to develop novel imaging biomarkers for breast cancer detection and chemotherapy monitoring. Both gas inhalation/breath-holding [36, 37] and external mechanical stimuli [38] [39] [40] [41] [42] [43] [44] [45] [46] have been proposed to develop novel imaging biomarkers of breast cancer. In particular, our group has obtained promising initial results by dynamically imaging the breast tissue response to fractional mammographic compression [47, 48] .Tissue viscoelastic relaxation during the compression period leads to a slow reduction in the compression force and reveals biomechanical and metabolic differences between normal and lesion tissue. Using this method, we have shown that there is a significant difference in the hemodynamic response to compression between the tumor area and the surrounding normal tissue in a group of seventeen breast cancer patients [44] .
Here we evaluate whether monitoring hemodynamic biomarkers such as variations in the compression induced changes in tissue hemoglobin concentration and oxygen saturation in the tumor area versus the rest of the breast over the first few weeks of therapy can provide predictive information for therapy outcome. We report results from a group of 13 patients with early stage breast cancer receiving neoadjuvant chemotherapy who were evaluated using the DTOBI system pre-treatment, at day 7 and, for 7 of them, at day 30 into treatment.
Methods

Dynamic tomographic optical breast imaging (DTOBI) instrumentation
The DTOBI system (Fig. 1) consists of a high temporal resolution, hybrid continuous wave/frequency domain transmission mode diffuse optical tomography system. The optical instrumentation is integrated into a compression setup also equipped with a Tekscan I-Scan pressure mapping system [44] . The frequency domain component consists of an ISS Imagent (model 96208, ISS Inc., Champaign, IL). Eight time-multiplexed laser diodes at 635, 670, 690, 752, 758, 782, 810 and 830 nm modulated at 110 MHz inject light in the breast at a single central location near the chest wall using an optical fiber bundle. Three red-enhanced photomultiplier tube detectors (Hamamatsu R928 PMT) collect the back scattered light through 2.5 mm optical fiber bundles. The amplitude and phase parameters are extracted by in-phase/quadrature (I/Q) demodulation. The frequency modulated system provides absolute optical properties and is used to obtain the baseline breast bulk hemoglobin concentration that forms the initial homogeneous guess for the 3D tomographic reconstruction based on continuous wave measurements. The continuous wave component consists of a TechEn CW6 imager augmented by a Supplemental Source Device (SSD) (TechEn Inc., Milford, MA). The CW6 offers 32 lasers split equally among 690 and 830 nm as well as 32 avalanche photodiode (APD) detectors. The lasers are modulated at 32 individual frequencies between ~6-12 kHz allowing full simultaneous detection [49] . The SSD adds 32 lasers at additional wavelengths (10 at 780, 11 at 808 and 11 at 850 nm) with each laser sharing a modulation frequency with a corresponding laser in the main CW6 box. Main/supplemental laser sources were illuminated in an interleaved fashion, switching once per second. Even in conjunction with the SSD, the system is able to record all 2048 source-detectors pairs at over 10 Hz, while maintaining high signal-to-noise ratio (>90dB) and linear dynamic range (>60dB). Since expected breast Fig. 1 . a) DTOBI Instrument mounted on a mobile cart; b) detail of breast compression probe before cart mounting -the CW sources, all FD fibers and the Tekscan mat are mounted on the lower plate, while the upper, mobile plate carries the CW detector fiber bundles and is attached to the translation mechanism through 2 force gauges. c) Schematic of measurement protocol: three compression cycles (about 26 N or 6 lbs), each beginning with FD recording during the compression and for 2 seconds after, followed by a 2 minute CW recording and another 5 second FD acquisition before the compression was released. The cycles were separated by a 90 second no-compression period (the patient's breast remained in place).
hemodynamics are relatively slow, we averaged the CW data into 2 second windows for improved signal quality. As described below, the Tekscan system further provides a pressure map used to determine the location of the breast with respect to the optical fibers.
DTOBI measurement procedure
A full description of the experimental setup has been previously published by our group [44] . In summary, the breast is placed between two horizontal parallel plates (equivalent to mammographic craniocaudal (CC) compression), which apply a repeated step compression/release to the breast. The 64 CW source fibers, as well as the FD-NIRS source and three detection bundles (FD source-detectors separations of 1.12, 1.68, 2.24 cm) are inserted in the lower plate, while 30 2.5 mm detector fiber bundles with a 90 degree bent end are mounted into the upper plate to collect light transmitted through the breast and deliver it to the CW detectors. Both the upper and the lower fiber arrays cover an approximately 12x8 cm half elliptical area. The FD source power at the probe is ~2mW, while the CW source fibers deliver ~10 mW. A pressure mapping system (Tekscan I-Scan) with a Tekscan 5250 flat 10"X10" 44x44 element sensor is mounted on the lower fixed plate, and is used to monitor the breast contact patch and spatial distribution of forces during the optical measurements. Fibers in the lower plate are aligned with the transparent windows between the Tekscan sensor rows and columns to allow simultaneous optical imaging and pressure monitoring. As described in detail in reference [38] , data is acquired continuously, and operation is controlled by a personal computer running custom software that ensures synchronization of the various optical and mechanical components. Figure 1(a) shows the dynamic optical imaging setup as mounted on a cart that can be wheeled into an examination room, while Fig. 1(b) offers a detail view of the compression and fiber probe sub-assembly. Figure 1(c) illustrates the compression/release protocol and the timing of data acquisition by each optical sub-system. Each breast is scanned in turn and three compression cycles are executed. The FD acquisition is active while the upper plate moves down to apply compression and for the first 2 seconds of the steady compression period, followed by a 2 minute CW acquisition and a final 5 second FD measurement before compression is released. The breast tissue is allowed to relax for 90 second between repeated compressions.
Therapy monitoring pilot clinical trial protocol
All measurements were conducted under a protocol approved by the Dana Farber/Harvard Cancer Center Institutional Review Board (IRB) and registered in the national clinical trials registry (NCT00783757). All patients involved in the study signed an informed consent form including consent to participate in the study and to publish the anonymized data. Optical assessment of the HbO, HbR, HbT and SO 2 response to compression at pre-treatment, day 7, and optionally at day 30 and every other cycle during treatment was performed. The patients were women between 29 to 73 years old (median 45 years old) with documented invasive breast cancer. Candidates with breast implants, open wounds on the breast, or breast biopsies within the previous 10 days were excluded. The tumor size ranged from 1.2 to 5.7 cm, with an average of 3.0 cm and a standard deviation of 1.2 cm. Optional scans were also offered during days 2-6 of first cycle seeking to obtain finer grained information but logistical concerns limited subject interest in these scans.
The response to treatment was assessed based on the reduction in the longest lesion diameter between size seen in the pre-treatment imaging scans and the size reported in the final pathology report after surgery. Following the approach of Cerussi et al. [50] , we considered a 50% reduction as the threshold for calling a subject a responder. We also recorded pathological complete responses and near-complete responses (>95% reduction) as well, but since we did not achieve statistical significance with respect to these levels of response, we focused our analysis on the responder/non-responder dichotomy defined above.
Optical image reconstruction and analysis procedures
We use finite element modeling of light propagation in tissue, on a 3D mesh generated from breast contact pressure image. A dual-mesh scheme, a forward denser mesh for diffusion modeling and a separate coarser reconstruction mesh to represent the medium optical properties were used for improved computation efficiency. Hemoglobin concentration values are reconstructed by solving a regularized nonlinear optimization problem using 9 GaussNewton iterations [51] . Since the frequency domain measurements are done at a single location, and there are unavoidable shifts of the breasts between measurement sessions, we only used the frequency domain-derived absolute optical properties to provide an approximate baseline for the calculation of the starting hemoglobin oxygen saturation, baseline that is needed for scaling SO 2 values even when only changes are monitored. The rest of our image processing and analysis was based on relative reconstructions derived from the evolution of the CW optical signals during the measurement period.
To quantify tumor and normal tissue properties, we used information from both clinical MRI/x-ray scans and optical image features to define corresponding regions of interest (ROIs), as described in detail in Ref [44] . The shape and size of these ROIs were kept the same for all patient visits, but their absolute location was adjusted to maintain their relationship to the breast boundary as derived from the Tekscan pressure map.
Statistical analysis
Each patient had a pre-treatment scan, as well as a day 7 and an optional day 30 scan using the DTOBI system. We monitored the tumor vs. normal differential hemodynamic compression response at these three treatment points during therapy and we correlated our measurements to the degree of response. As described above, we used a binary classification of responders (>50% reduction in tumor diameter) and non-responders (<50% reduction in tumor diameter).
In the previous study, we showed that at day 0 (pre-treatment scan), there are differences in hemodynamic properties between tumor region and the surrounding healthy tissue during dynamic compression of the tissue [44] and these differences are statistically significant. In order to find out if monitoring these differences over the course of NACT can help in differentiating the responders vs. non-responders to the NACT, we executed the same protocol to monitor the changes in hemodynamic properties at day 7 and 30 into the NACT. We then compared the compression response of the two independent hemodynamic parameters, HbT and SO 2 , between the responder and non-responder groups. We used a twotailed, paired, t-test between the corresponding values of all optical parameters in the tumor and normal ROIs across the responder and non-responder groups (normality of the data at the 95% confidence level was verified using the Jarque-Bera test as implemented by the Matlab jbtest function). The means of hemodynamic parameters (ΔHbT and ΔSO 2 ) between normal and tumor region of the breast were tested at different time points of each cycle between responders and non-responders. The t-test was also performed on T-N metric, which is the difference in a given hemodynamic parameter between the tumor and normal region and is calculated at all treatment time points, i.e. day 0, day 7 and day 30 through NACT. Statistical comparisons were made using paired two-tailed t-tests at 0.05 level of significance.
Results
Of 30 total patients accrued, 17 subjects were not included for the following reasons: Measurements taken on the first three subjects could not be used because of an error in the data acquisition software that corrupted the data; 1 could not tolerate the compression, 2 did not come back for follow-up scans; 4 subjects had diffuse, multi-focal or excessively large lesions (not possible to establish a healthy tissue reference); and 7 for instrumentation related reasons (tumor not in the field of view in 3 cases, excessive alignment error between scans in one case, and data quality issues in 3 cases). Here we report results from the remaining 13 subjects, 7 of whom also came back for day 30 scans. Table 1 shows the patient demographic information, treatment data, and their degree of response to chemotherapy (assessed posttreatment based on the pathology report). In Fig. 2 , the measurement of force and corresponding changes in total hemoglobin concentration (ΔHbT) and hemoglobin oxygen saturation (ΔSO 2 ) are presented for one of the patients at the baseline measurement (day 0). There is a clear difference in time courses of ΔHbT and ΔSO 2 during compression between tumor (T) and normal (N) tissue at day 0. The tumor ROI timecourse is shown as dotted lines (colors indicate the compression cycle), while the normal ROI is shown as solid lines. Although there is significant variation among the compression cycles, in all cases the tumor ROI shows a notable HbT decrease followed by a limited blood volume recovery, whereas the normal ROI has a notable increasing trend from 30 to 120 sec. For SO 2 the differential relationship is similar; while both ROIs show a decrease, a stronger decrease is observed in the tumor area. Figure 2 shows that optical measurements can detect the difference in the compression induced variation of hemodynamic parameters (HbT and SO 2 ) in tumor vs. normal tissue.
Group averaged changes in HbT and SO 2 in the tumor (blue lines) and normal tissue (red lines) prior to treatment (baseline) and during the treatment (day 7 and day 30) are presented in Figs. 3 and 4 , respectively. Based on the differential compression induced changes in HbT and SO 2 , the contrast between normal (N) and tumor (T) increases somewhat at day 7 and more noticeably at day 30 in non-responders to NACT. However, in responders, this contrast between tumor and normal tissue decreases during the therapy (partially at day 7) and almost completely disappears by day 30. ΔSO 2 shows a similar trend between responders and nonresponders during the course of NACT. Recordings across the three compression cycles are substantially similar.
ROI average values were compared between the non-responder and responder groups at three levels. First, we compared the compression-induced change in both HbT and SO 2 in tumor and normal tissues, respectively, between groups. Next we computed the differential change in tumor vs. normal tissue and compared these differences between groups. Finally, we further computed the variation in the tumor vs. normal differential compression response at day 7 and day 30 vs. pre-treatment, respectively as a measure of the response to therapy. We looked at these metrics at three timepoints during the compression period (t = 30, 60, and 90s) and across the three repetitions of the compression procedure acquired on each measurement day. Tables 2 and 3 summarize the p-values resulting from the t-tests of statistical significance of the differences in the three types of metrics described above between the responder and non-responder groups (note that the results for day 0 and day 7 are based on 13 patients, of which 7 are non-responders and 6 are responders, while the results for day 30 are based on 7 patients, 3 of which are non-responders and 4 of which are responders).
As suggested by Fig. 3 and detailed in Table 2 , at day 30, the amounts of compression induced changes in HbT in the tumor areas are significantly smaller in responders vs. nonresponders for the 2nd and 3rd compression cycles at all timepoints (t = 30, 60, and 90s), as well as at the midpoint (t = 60s) of the first compression cycle. Similar characteristics are noted for the changes in SO 2 in the tumor areas. Additionally, compression induced changes in SO 2 Fig. 3 . Group averaged compression induced changes in ΔHbT (μM) for responders and nonresponders, respectively, within the tumor (red lines) and normal (blue lines) regions of the breast due to compression over the course of NACT (13 subjects for day 0 and day 7, and 7 subjects for day 30). Error bars show standard error.
in the healthy tissue are significantly larger at the pre-treatment scan during the late (t = 60 and 90s) 2nd and all of the 3rd compression cycle for the responders vs. non-responders.
Proceeding with the analysis, Table 3 shows the statistical analysis of the correlation of the differential compression response between tumor and normal areas. We note that at day 30, due to the apparent "normalization" of the tumor compression response, the tumor vs. normal difference in the HbT compression response is significantly smaller in the responders vs. non-responders for the middle (t = 60 s) of the 2nd and all of the 3rd compression cycle. Further, the same characteristics are seen for the middle and late 3rd compression cycle at day Fig. 4 . Group averaged compression induced changes in ΔSO 2 (μM) for responders and nonresponders, respectively, within the tumor (red lines) and normal (blue lines) regions of the breast due to compression over the course of NACT (13 subjects for day 0 and day 7, and 7 subjects for day 30). Error bars show standard error.
7 with near significance. SO 2 metrics behave similarly to HbT metrics, with the differences between tumor and normal tissues being significantly smaller at day 30 for the responders vs. non-responders, reaching statistical significance for all cycles and timepoints except early (t = 30 s) in the 1st cycle. Cycle 1  Cycle 2  Cycle 3  Cycle 1  Cycle 2  Cycle 3  Cycle 1  Cycle 2  Cycle 3  T  N  T  N  T  N  T  N  T  N  T  N  T  N  T  N  T  N To assess the predictive performance of the compression response metrics, we developed a simple classification scheme based on the amount of change due to compression in the tumor and normal tissues, respectively, as well as based on the difference in compression response between tumor and normal tissues. Tables 4 and 5 report the areas under the receiver operating characteristic curves (ROC) for these predictions. It is generally seen that by day 30 responders can be differentiated from non-responders quite well using either HbT or SO 2 based metrics. More importantly, even at day 7, the eventual response to therapy can be predicted based on the differential tumor vs. normal HbT response for the later timepoints (60 and 90s) with sensitivities and specificities as good as 86%, 71%, 86% and 67%, 67%, 100%, respectively across compression cycles at 60s (or 90s), 60s, and 90s, respectively. The ROC curves for these best case predictions are shown in Fig. 5 . Fig. 5 . Receiver Operating Characteristic (ROC) curves for predicting whether a patient will be a responder or non-responder based on the differential change in HbT between the tumor and normal areas at day 7, for t = 60 s, cycle 1, t = 60 s, cycle 2 and t = 90 s, cycle 3.
Discussion
The group averaged time courses presented in Figs. 3 and 4 illustrate the compressioninduced changes in total hemoglobin and hemoglobin oxygen saturation. The contrast initially present in the tumor vs. normal tissue behavior lessens/disappears in responders, but is maintained in non-responders. These results suggest that dynamic optical measurements can detect chemotherapy-induced differences in the compression-induced variation of hemodynamic parameters (HbT and SO 2 ) in tumors and normal tissue. Of note, generally better results are seen for the 2nd and 3rd compression cycle, indicating some level of tissue "pre-conditioning" is needed for reliable measurements. The disparity in tumor vs. normal compression response may be driven by the increased stiffness and longer viscoelastic relaxation time of the tumor tissue [52, 53] . As we hold the breast under compression, the stiffer tumor may be bearing a disproportionate amount of the load, "shielding" the normal surrounding tissue. The convergence of the compression response ΔHbT/ΔSO 2 time-courses between tumor and normal areas at day 7 and even more so at day 30 may be related to the "normalization" of the tumor that has been observed at the microscopic level [54] [55] [56] . Further, evaluation of NACT using ultrasound elastography in 15 patients with locally advanced breast cancer showed that as tumors begin to respond to the NACT, their structure and biomechanical properties start to change and become less stiff in responding patients [57] .
Our qualitative observations are partially reflected by the results of the statistical analysis. We note the statistically significant difference in compression response of the tumor tissue developing by day 30, as well as the statistically significant decrease in the difference between the behavior of tumor and normal tissue from the same breast for responders also seen by day 30. However, these results did not hold up when the patients were classified in complete vs. less than complete responders. These data suggest that a follow-up study with a larger sample size and perhaps additional intermediate time-points, such as day 14 is warranted to explore the full potential of this technique.
This study experienced several limitations, such as the pilot nature, the small number of patients who allowed the optional Day 30 scan, the heterogeneity of the chemotherapy regimens used, the heterogeneity of tumor subtypes with a preponderance of HER2 positive lesions, that often have better responses to neoadjuvant therapy than other subtypes, and the binary cut off of 50% shrinkage as the responder/non-responder definition. We should note that there may be more clinically meaningful predictive pathological systems to determine response than the 50% shrinkage used here. Among these are achieving pathological complete response vs. not achieving it, or achieving a final residual cancer burden (RCB) of 0/1 vs. 2/3. Future studies will include focusing on patients with more homogenous subtypes and who receive more consistent homogeneous treatments.
Despite limited statistical significance, some predictive ability appears to have been achieved, thus the results of this pilot study are encouraging and suggest dynamic optical imaging can be a useful addition to the range of optical breast imaging techniques. Static imaging techniques that are well validated in the field could be combined with compression response metrics derived from DTOBI data to offer optical imaging tools for monitoring the treatment and predicting the therapy outcome during the early stages of NACT.
Conclusion
These initial results suggest that dynamic optical breast imaging can detect changes due to treatment and have predictive value for the treatment outcome. DTOBI can show the difference in hemodynamic response to compression between tumor and normal tissue and demonstrates the feasibility of using dynamic optical breast tomography for neoadjuvant chemotherapy monitoring. Results in a small cohort of 13 patients indicate that the difference in tumor vs. normal response to compression remains largely unchanged in non-responders, while tumor tissue response converges towards normal tissue in responders. Dynamic optical breast imaging may thus, in conjunction with more established static optical imaging techniques, become a convenient, non-invasive and portable tool for chemotherapy monitoring and outcome prediction.
